Introduction
Multiple myeloma (MM), also known as plasma cell myeloma, is an incurable cancer formed by malignant plasma cells. 1 As the second most common cancer of the blood next only to non-Hodgkin's lymphoma, each year, over 20,000 new cases are diagnosed in the USA according to epidemiologic studies from the American Cancer Society. 2 Over the last 40 years, therapy with melphalan plus prednisone has been recognized as the standard of care for patients with newly diagnosed MM.
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For these patients, the proteasome inhibitors (bortezomib and carfilzomib) are active in relapsed or refractory myeloma, which were approved by the Food and Drug Administration for treatment of relapsed/refractory MM in 2003 and 2012, respectively. 4 In preclinical studies, bortezomib and carfilzomib sensitized melphalan-sensitive and melphalanresistant myeloma cell lines to melphalan by breaking down enzyme complexes and downregulated cellular responses to genotoxic stress. 5 However, recent studies revealed that relapse of myeloma developed due to acquisition of resistance to proteasome inhibitors, owing to the mutations of proteasome complex, 6 upregulation of transporter channels or cytochrome components 7 and the induction of alternative compensatory pathways. 8 Although several aspects of the mechanisms associated with acquisition of resistance to proteasome inhibitors have been studied, a systems biological perspective in terms of proteasome inhibitors resistance for MM has not been fully elucidated.
In recent years, with the rapid development of precision medicine, it is possible to analyze high-throughput screening dataset to better understand pathogenesis in terms of disease progression and drug therapeutics. [9] [10] [11] To better address this merit, herein, we identified a microarray gene expression profile originating from the carfilzomib-resistant KMS-11 versus parental human myeloma cell line to establish a comprehensive genetic interaction network in order to reveal the molecular mechanisms in carfilzomib resistance in MM, which may provide molecular information or targets for MM clinical interventions in terms of acquisition of resistance to proteasome inhibitors.
Materials and methods
Microarray dataset search strategy
Microarray dataset was downloaded from Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE69078. In this study, Riz et al treated KMS-11 MM cell line with increasing concentrations of carfilzomib over a period of 18 weeks to establish the carfilzomib-resistant MM cell line. 8 Total RNA was extracted from the KMS-11 cell line with or without carfilzomib treatment, and messenger RNA array was performed based on Affymetrix Human Genome U133 Plus 2.0 platform.
Differently expressed genes identification
Comparison of the gene expression profiles of carfilzomibresistant derivatives versus parental human KMS-11 MM cell line was normalized using log 2 transformation after normalization. Significance Analysis of Microarrays (SAM, http:// statweb.stanford.edu/~tibs/SAM/), a statistical technique for finding significant genes in a set of microarray experiments, was applied according to a previous publication. 12 
genetic interaction network construction
To better understand how these significant genes identified by SAM interacted with each other, genetic interaction network was expanded using String JAVA consortium (http:// string-db.org/). String, a website-based biomolecular interaction network database, has an application programming interface which enables the user to get the data without using the graphical user interface of the web page.
To better understand the potential drug-resistant mechanisms in MM, Gene Ontology consortium (GO; http://www. geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/) functional enrichment were also applied through Database for Annotation, Visualization and Integrated Discovery 13 (https://david. ncifcrf.gov/) plug-in in String database.
statistical analysis
For differently expressed genes identification, gene expression was considered to be significant if the threshold of false discovery rate was 5% and fold change was 2. For GO and Kyoto Encyclopedia of Genes and Genomes enrichment analysis, biological process, molecular function and signaling pathways were identified as different if the P-value was 5%.
Results
Sixty-three genes were found to be significantly expressed in carfilzomibresistant KMs-11 cells
To better understand which regulators contribute to carfilzomib resistance in KMS-11 cells, differently expressed genes were screened out using SAM plug-in in Excel frame. As shown in Figure 1 , after performing SAM, 63 genes were found to be differently expressed in carfilzomib-resistant KMS-11 cell line compared to its parental one, with a false discovery rate 5% and a fold change 2. Figure 2 reveals the heatmap representation of these 63 genes, which indicates that 27 genes were upregulated and 36 genes decreased dramatically. The detailed information of these genes could be found in Table 1 .
Carfilzomib-resistant genetic interaction network
To address the merit of systems biology and deepen our understanding toward how these genes regulated carfilzomib resistance in MM in a system perspective, all these significant 
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Carfilzomib resistance in human MM that the clustering coefficient and protein-protein interaction enrichment P-value were 0.788 and 5.41e −12 , respectively, which means the network has a reliable robustness.
gO analysis
To assess the protein-protein interaction network involved in carfilzomib resistance in the context of GO, all the nodes were submitted to Database for Annotation, Visualization and Integrated Discovery bioinformatics platform for further functional annotation. As shown in Table 2 , molecular function analysis indicated that most of these genes regulated protein or enzyme binding and activities. Besides, we also evaluated the biological processes involved in this carfilzomib-resistant network (Table 3) . Table 3 summarizes all the potential biological processes for carfilzomib resistance. Among them, immune response, mitopahgy/macroautophagy and cellular stress ranked as top candidates.
Pathway enrichment analysis
To assess the relationship between the significantly expressed genes and carfilzomib resistance, we also evaluated the signaling pathways involved in this pathogenesis (Table 4 ). genes were submitted to String bioinformatics platform future analysis. As shown in Figure 3 , the interaction network involved in carfilzomib resistance consists of 100 nodes (genes) and 249 edges (molecular interaction), with the average node degree (the number of edges connected to the node) being 4.98. Besides, network analysis also indicated Notably, cytokine-cytokine receptor interaction, autophagy, ErbB signaling pathway, microRNAs in cancer and fatty acid metabolism pathways seem to confer carfilzomib resistance in human KMS-11 MM cell line.
Discussion
Combined with bioinformatics, high-throughput screening has become a convenient assay for drug-resistance or off-target identification. 14, 15 As early as 2003, a glass-based microarray suitable for detecting multiple tetracycline (tet) resistance genes was developed and applied. 16 Then, Hongisto et al developed a high-throughput three-dimensional (3D) screening method that revealed drug sensitivities between the culture models of JIMT1 breast cancer cells. Compared with the traditional method for studying cancer in vitro, the anchorage-independent three-dimensional models allowed cells to grow in two dimensions and resulted in screening out 102 compounds with multiple concentrations and biological replicates for their effects on breast cancer cell proliferation. 17 Using a similar method, in the present study, we also established a genetic interaction network using the publicly available microarray dataset and the functional protein interaction platform -String. Our results revealed that cytokine-cytokine receptor interaction, autophagy, ErbB signaling pathway, microRNAs (miRNAs) in cancer and fatty acid metabolism pathways were highly associated with carfilzomib resistance in MM.
A previous study indicated that autophagy contributed to carfilzomib resistance in MM by KLF4-SQSTM1/p62, which proved our bioinformatics prediction between carfilzomib resistance and autophagy. 8 In this study, Riz et al identified high levels of KLF4 expression often occurring in MM patients carrying the t(4;14) translocation, and acquisition of carfilzomib resistance in both t(4;14)-positive MM cell line models was associated with reduced cell proliferation, decreased plasma cell maturation and activation of prosurvival autophagy by regulation of KLF4 expression. 8 Meanwhile, basing on the proteostasis network analysis by 
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Carfilzomib resistance in human MM Acosta-Alvear et al, 18 inhibition of proteasome resulted in the compensatory mechanisms through inhibition of translation and induction of autophagy, which also confirmed our prediction regarding the role of autophagy in the acquisition of resistance to carfilzomib in MM. 18 miRNAs, a group of noncoding RNA molecules composed of 19-25 nucleotides, can posttranscriptionally regulate target gene expression, which results in cell development, differentiation, apoptosis and proliferation. 19, 20 Besides, miRNAs are also involved in the development of drug resistance by miRNA dysregulation. 21 By far, several labs have already focused on exploring the role of miRNAs in drug resistance using microarrays. They discovered that the epigenetic modulations of miRNAs contributed to cancer drug resistance. 22 As to carfilzomib resistance, miRNA also plays a major role in regulating the fundamental cellular processes that control MM resistance to proteasome inhibitors. 23 Malek et al identified that the expression of miR29 family and Let-7A1 increased in response to bortezomib, carfilzomib and ixazomib. However, Let-7A2, Let-7D, Let-7E and Let-7F2 were downregulated in bortezomib-, carfilzomiband ixazomib-resistant cells, compared to drug-sensitive parental cells. According to our bioinformatics analysis, MTOR, EGFR, ERBB2, PDGFA, PDGFRA and PDGFRB were involved in the subnetwork of miRNAs in cancer pathways. Since mammalian target of rapamycin (mTOR) inhibition can also induce autophagy, 24, 25 previous results also support the protective role of autophagy during proteasome inhibition, indicating that mTOR inhibition may desensitize carfilzomib both through inhibition of translation and induction of autophagy by regulation by miRNAs. 18 As to the ErbB signaling pathway, the relation between drug resistance and ErbB pathway has already been predicted by Azad et al. 26 Using the Bayesian modeling framework, Besides the signaling pathways mentioned above, we also discovered many pathways like valine, leucine and isoleucine degradation, 27 fatty acid metabolism, fatty acid degradation, 28 cysteine and methionine metabolism, 29 and terpenoid backbone biosynthesis, which are also involved in carfilzomib resistance in MM. However, detailed information regarding the association between these pathways and carfilzomib resistance is not available. Notably, all these pathways seem to participate in cancer energy/nutrition metabolism. Whether there are any cross-talks between cancer metabolism and MM resistance is still unknown.
Conclusion
In conclusion, using the integrated microarray gene expression profile and genetic interaction network, we explored the molecular mechanisms underlying carfilzomib resistance in MM cell line and highlighted some potential signaling pathways such as cytokine-cytokine receptor interaction, autophagy, ErbB signaling pathway, miRNAs in cancer and fatty acid metabolism pathways which may be involved in this process. 
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